I. INTRODUCTION
Thin polymer films, usually supported by one substrate or capped between two surfaces, can be found in various technological applications. [1] [2] [3] [4] [5] [6] [7] [8] Examples include coatings, lithographic devices, organic photovoltaics (OPVs), and polymer nanocomposites such as tires, seals, etc., where filler particles in polymer matrices can be connected through ultrathin polymeric bridges. 7, 8 For film thicknesses less than few nanometers, i.e., comparable to the size of the individual polymer coil, these films exhibit significant changes in their dynamical behavior when compared with the bulk. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These changes depend on the adsorption strength to substrates, but they can also be attributed to the finite-size scaling effects when the films are extremely thin and the polymer chains are accordingly strongly confined.
The majority of the research on thin amorphous polymer films has focused on the film-thickness dependence of the glass-transition temperature T g . Various experiments on supported polymer films of nanoscopic dimensions have shown deviations in the glass-transition (T g ) temperature compared with the bulk. Keddie et al., 9, 10 by using ellipsometry, have measured reductions in T g both for polystyrene (PS) films supported on hydrogen-terminated silicon surfaces and PMMA films supported by different substrates. T g reduction was also reported by Forrest et al., 11 where by using Brillouin light scattering, the authors found a linear decrease of T g with film thickness for ultrathin (less than few nanometers) freestanding PS films of high molecular weights. Soles et al. 12 showed that in ultrathin polycarbonate (PC) films on silicon-oxide substrates, the specific method used for the T g determination can give contradictory results. When determining T g by structural techniques, like Specular X-ray a) Author to whom correspondence should be addressed. Electronic mail: c.batistakis@tue.nl Reflectivity (SXR) and Positron Annihilation Lifetime Spectroscopy (PALS), they found that T g decreases with film thickness, whereas measurements by inelastic neutron scattering (INS), which measures the atomic mean-square displacements, showed a slight increase of T g for extremely thin films. This anomalous behavior was also found for PS films on silicon substrates, 13 where ellipsometry measurements showed a reduction of T g with film thickness, 9, 13 whereas measurements with INS showed an increase. Generally, the majority of the studies indicate a reduction of T g upon confinement, i.e., when the film thickness becomes comparable to the radius of gyration of the individual polymer chain. Such a reduction leads finally to an increased segmental mobility at fixed temperature. The segmental mobility can be layer-dependent, being different at different distances from the substrates. The value of T g itself is a rather indirect measure of some average polymer segmental mobility, and, as stated above, proves to be technique-dependent. Calorimetry, rheology, ellipsometry, and spectroscopy methods provide different T g values, which has resulted in much controversy in the field.
In addition to the many experimental studies on the T g deviations from the bulk in ultrathin polymer films, molecular simulations have been performed. They can provide direct access to the dynamical behavior at the nanometer scale. They also offer the advantage of easily measuring and handling the effects of the substrate surfaces, free interfaces, substrate-polymer interactions, etc., which cause strong inhomogeneities in the film dynamics. Torres et al. 15 measured the film-thickness dependence of T g for films supported by attractive walls. They saw that T g is fairly constant for thick films but can positively or negatively deviate when decreasing film thickness, depending on the wall attraction strength. Layer-resolved analysis of the dynamical behavior of confined 1,4-polybutadiene between attracting graphite walls showed a slowing down of the polymer mobility close to the substrates. 16 The same was found for atactic short-chain polysterene films capped between attracting gold surfaces, where a dramatic slowing down of the dynamics close to the substrates was observed, when compared with the bulk. 19 Inhomogeneous dynamics for strongly confined supported PS films was also found by Hudzinskyy et al., 17 who measured the T g -values distribution across different film layers. They showed that the film-averaged T g based on density results from a subtle interplay of several effects that may either raise or decrease it from the bulk value. Varnik et al. 14 simulated films of different thicknesses which were capped between two smooth and repulsive walls. The walls caused strongly inhomogeneous dynamical behavior inside the film, while a decreasing film thickness led to a decrease of the film-averaged mode-coupling critical temperature T c from its bulk value. Varnik et al. worked the concept by Adam and Gibbs 20 of collectively rearranging regions (CRRs) near the glass transition. In their argument the thickness of a capped film acts as a cut-off length for the growing cluster size ξ of the CRRs when the film cools down, leading to a maximum for the cluster relaxation time τ cl ∼ ξ ν . By finite size scaling, the authors explained their observation that thinner films observed faster averaged dynamics.
In our previous publication 18 we studied the dynamical behavior of coarse-grained polymer films of different thicknesses but of the same averaged density. These films were capped between attractive crystalline substrates. We used weak and energetically neutral substrate-polymer interactions of a simple Lennard-Jones (LJ) type. Two competing effects were found: in thick films (much larger than the individualchain radius of gyration), the segmental mobility slows down close to attractive substrates when compared with the middle of the films, but the overall mobility accelerates when decreasing film thickness (stronger confinement). The latter was understood by the same finite-size scaling argument as used by Varnik et al. 14 We conclude that all previous experimental and simulation results have shown that various parameters, such as temperature, local density, the strength of adsorption of the polymer to the substrates, or the extent of confinement can strongly affect the dynamics of ultra-thin polymer films in opposite ways. Nevertheless, the relative importance of these parameters for motion on different length scales is still unclear. In the present study we extend our previous model for a wider range of substrate-polymer interactions and film thicknesses. Our main goal is to investigate whether finite-size scaling effects and the accompanying accelerated dynamics remain important in cases of very strong strengths of adsorption of the polymers to the substrates. For that purpose, we simulated coarse-grained films of various thicknesses, from comparable to the individual-chain radius of gyration and up to several times larger. The substrate attraction strength was varied by two orders of magnitude, while the average film density was held constant at all simulated temperatures (NVT ensemble). Thick films were also created and studied under the application of a constant normal pressure (NPT ensemble).
The paper is organized as follows. In Sec. II we give details about the model as well as a description of the sample preparation and equilibration procedure. In Sec. III A 1 the effect is shown of increasing the substrate-polymer interaction strength on the segmental dynamics of a film with a constant thickness. For that purpose, the thickest simulated film has been chosen, in which a well-defined middle part is not directly affected by the substrate attraction. Layer-resolved analysis of the orientational and translational film dynamics follows in Sec. III A 2. In Sec. III B the segmental film dynamics under constant external pressure is investigated in different film layers, and the results are compared with those of the NVT simulations of Sec. III A 2. In Sec. III C the importance is shown of finite-size scaling effects on the dynamics of thinner films for high substrate-polymer interaction strengths. In Sec. III D, an overall picture is given of dependence on thickness and adsorption strength of the characteristic translational relaxation time. Finally, in Sec. IV a summary and conclusions are presented.
II. MODEL AND SIMULATION DETAILS
We simulate coarse-grained thin polymer films that are capped between two attractive crystalline substrates. Polymer chains are represented with the help of a bead-rod model. Each chain consists of 50 monomers, with 80% of type A and 20% of type B (differing in their sizes and masses, see below) and all in random positions along the chain. Every film was created from 100 non-entangled polymer chains. Each of two substrates consist of three layers of LJ spheres in an FCC arrangement. All bonded monomer pairs are connected with rigid bonds and all non-bonded monomer pairs interact via a truncated LJ potential:
with a cutoff at r c = 2.5σ . All quantities are expressed in LJ units, where σ , , m, and τ = σ (m/ ) 1/2 are the units of length, energy, mass, and time, respectively. The temperature is expressed in units of /k B , the density in units of m/σ 3 , and the pressure in units of /σ 3 . For the type-A monomers we chose m = m A , σ = σ A , and = AA , and for the type-B monomers
Concerning the substrate particles, the LJ parameters were chosen to be σ s = 0.85 and s 1. For all the non-bonded interactions, the σ ij (i.e., the σ AB and σ sp ) were calculated according to Lorentz-Berthelot rule σ ij = 1 2 (σ ii + σ jj ), as well as the AB , where AB = √ AA BB , while various values have been chosen for the interaction strength sp in the range 0.1-10.
The effects of the confinement and the adsorption to the substrates have been studied for films of various thicknesses D in the range 5-30 and for a wide range of substrate-polymer interaction parameters sp , as mentioned above. Each film has been created with the same amount of monomers; hence, larger lateral dimensions were used for thinner films. The averaged density was chosen to be equal to ρ = 1.2 and was held constant during the equilibration and production procedure. This was achieved by running all simulations in the NVT ensemble, where the temperature coupling was implemented with the help of the Nose-Hoover thermostat; the cho-FIG. 1. Snapshots of the equilibrated polymer films of different thicknesses D (in the graph the thicknesses D = 30, 20, 10, and 5 are illustrated) capped between two crystalline substrates at high temperature T = 1.5 and for substrate-polymer interaction strength of sp = 1. All films have the same amount of monomers and the same density ρ = 1.2. For illustration purposes, the size of the polymer beads has been scaled-down. The different film thicknesses have been achieved by using substrates of different lateral dimensions. Periodic-boundary conditions hold in all three dimensions. The illustration of the systems has been achieved with the help of the molecular visualization program visual molecular dynamics (VMD). 24 sen time constant was τ t = 0.5τ . The reason for choosing such a high density is to ensure that the internal pressure in all films is positive at all temperatures. Periodic boundary conditions were applied in all directions.
We performed all simulations with the open-source molecular-dynamics (MD) simulation package GROMACS 21 (versions 4.5.4 and 4.5.5). The integration of Newton's equations was done with the leapfrog variant of the velocity Verlet algorithm. The time step was chosen to be t = 0.001τ at high temperatures, in the view of the large thermal fluctuations, although it was increased to t = 0.005τ at lower temperatures (T ≤ 1.5). For the constraining of the bonds, the P-lincs algorithm was used. 22, 23 
A. Equilibration and cooling procedures
All films have been created and equilibrated during 10 4 τ at the rather high temperature T = 5 (well above the bulk T g ≈ 1 of this high-density model). In the first stage of the equilibration, the substrate-polymer interaction was chosen to be purely repulsive to avoid immediate substrate-polymer contacts. This was achieved by using only the repulsive part of the Lennard-Jones potential (Eq. (1)) with sp = 1,
At the end of this stage of equilibration the filmaveraged individual-chain radius of gyration was calculated as R g ≈ 3.3 for all film thicknesses, and the fluctuations around this value were less than 5%. More details about the filmscreation methods and the validity of the equilibration procedure can be found in our previous publication. 18 In the next stage of the equilibration procedure, the substrate-polymer interactions were described with the full Lennard-Jones potential (Eq. (1)) for different interaction strengths sp = 0.1-10.
For each value of sp , the films were again equilibrated at high temperature T = 5 for sufficiently long time (10000-20000τ ). Finally, all films were cooled down to T = 0.5 with a constant cooling rate of 0.0003 /k B τ . An example of the created films is shown in Figure 1 .
III. RESULTS AND DISCUSSION

A. Effect of the adsorption-strength increase at constant film thickness
Film-averaged segmental dynamics
The effect of the substrate-polymer interaction strength sp on the film-averaged segmental dynamics has been studied by calculating the mean-square translational displacements (MSTD) for chain segments, averaged over all monomers and all chains,
where r =r(t) −r(0).
The results for film thickness D = 30 and for different interactions strengths sp , together with bulk values at the same temperature T = 1, are shown in Figure 2 .
Qualitatively similar behavior is observed for all substrate adsorption strengths. At short times we distinguish the ballistic regime with slope 2. As has been predicted by the mode-coupling theory (MCT), 25, 26 the ballistic regime is followed by a plateau, where each tagged particle is temporarily trapped in a cage created by its neighbors (the so-called cage effect). The time needed for a monomer to escape from this cage is the so-called α-relaxation time (τ α ). As soon as the monomer escapes from the cage, the subdiffusive Rouse regime follows with an average slope of 0.57, a value which is slightly larger than the theoretical Rouse exponent 0.5. This difference can be attributed to the short length of the simulated polymer chains. Indeed, simulations with shorter FIG. 2. Sample-averaged mean-squared segmental translational displacements at temperature T = 1, for the bulk polymer (short-dotted line) and for the film with thickness D = 30 and different substrate-polymer interaction strengths sp (dotted, dashed, dashed-dotted-dotted, short-dashed, and short-dashed-dotted lines correspond to attraction strengths sp = 0.1, 1, 2, 3, and 10, respectively). The inset shows the non-monotonic dynamics with increasing sp . chains have shown even larger differences between the average slope of the subdiffusive Rouse regime and the theoretical Rouse exponent. 27 In Figure 2 , it is seen that for all simulated strengths of adsorption, the translational mobility of the confined films is accelerated compared to the bulk. This acceleration can be explained from finite-size scaling effects in confined films. 14, 18 The comparison of the translational mobility shows that increasing the substrate attraction from sp = 0.1 to sp = 2 leads to an increase of the filmaveraged α-relaxation time, and a slowing down of the filmaveraged segmental dynamics. However, the effect is not monotonic; further increase of the adsorption strength (i.e., to sp = 3-10) leads to subsequent acceleration of the filmaveraged dynamics.
Layer-resolved segmental dynamics
In order to have a better insight in the observed nonmonotonic change of segmental mobility, the segmental dynamics for film thickness D = 30 has been analysed in different film layers and for all considered substrate-polymer interaction strengths sp . This analysis was done by studying both the MSTD and the segmental orientational mobility; for the later we used the Legendre second-order autocorrelation function (ACF)
where b is the bond vector between two neighboring beads as measured at time 0 and time t. The brackets denote a time averaging as well as an averaging over all the bonds which belong to a specific layer of fixed width l = 1.25σ . We defined that a bond belongs to a specific layer if the middle of the bond is inside that layer at time t = 0. With the chosen layer width, the full relaxation of the majority of the bonds takes place inside the layer. 18 In Figure 3 (a) we see an example of the P 2 ACF behavior in a semilog plot for the layers closest to the substrates (0 < z < 1.25, where z denotes the distance from the nearest substrate) and for those in the middle of the film (10 < z < 15) for a wide range of substratepolymer interaction strengths ( sp = 0.1-10). P 2 (t) decays faster in the middle of the film than close to the substrates for all adsorption strengths. Increasing the substrate-polymer interaction strength from sp = 0.1 to sp = 1 leads to a slower decay of the ACF in all film regions, although further increase from sp = 1 to sp = 10 resulted to even slower decay close to the substrates, but, surprisingly, faster decay is observed in the middle of the film. A similar picture was obtained when calculating the layer-resolved segmental mean-square translational displacements (Figure 3(b) ), thus providing a qualitative matching of the translational and orientational mobility of the system. The characteristic relaxation times of the orientational relaxation have been extracted by fitting the final parts of the P 2 (t) ACFs with the Kohlrausch-Williams-Watts (KWW) stretched-exponential function 28
where α ≤ 1, τ is the characteristic relaxation time, and β shows the non-exponential nature of the relaxation process.
The results are summarized in Figure 4 (a). A slowing down of the segmental mobility is observed close to the substratepolymer interface (0 < z < 5), when compared with the middle of the films (10 < z < 15). This effect is directly connected to the substrate attraction strength, with a stronger slowing down near the substrates for higher values of sp . The characteristic relaxation times in the middle of the films (10 < z < 15) are fairly constant for sp = 0.1, 1, or 2, but a significant shift to lower values was found for sp = 3 and 10. This nonmonotonic behavior is in qualitative agreement with the results of Figure 2 for the film-averaged translational segmental mobility. Indeed, when increasing the strength of adsorption from sp = 0.1 to sp = 10, a strong decrease of the segmental mobility in the layers close to the substrates is initially insufficiently compensated, but the acceleration observed in the middle layers (the larger fraction of the film), beyond the adsorption strength sp = 2 is able to give an overall increase of the film-averaged segmental dynamics, as shown in Figure 2 . Strong inhomogeneities and a layer dependence can also be found in the structural properties of the films. Figure 4(b) shows the density profiles for film thickness D = 30 and substrate-polymer interactions sp = 1 and sp = 10. Analysis of the profiles shows two well-defined density regimes in the films. In the layers close to the substrates strong ordering is observed and sharp density variations are visible, whereas the middle of the film is characterized by a smooth density profile. The observed monomer ordering close to the substrates is an entropic effect, but strongly depends on the substrate-polymer interaction strength sp . Increasing sp causes sharper density variations but also an increase of the average density in this region. As the total film density was held constant (ρ = 1.2) for all the simulated values of sp , an increase of the density close to the substrates should lead to a decrease of the density in the middle of the film. Indeed, the average densities in the middle layers were calculated for temperature T = 1.1 and were found equal to ρ = 1.187 and ρ = 1.168 for sp = 1 and sp = 10, respectively. These density differences are rather small (see the inset in Figure 4 ) but not negligible, and might be responsible for the observed acceleration in the dynamics in the middle of the films as found in Figure 4 (a). In Sec. III B we argue about the effect of these density differences on the segmental dynamics.
B. NPT-ensemble simulations
In order to assess the importance of the density differences found in the middle of the thick films with different adsorption strengths (Figure 4(b) ) to the segmental dynamics, we have repeated the analysis of Figure 4 for the case of a constant normal external pressure to the films (NPT-ensemble simulations) and for substrate-polymer interaction strengths sp = 1 and sp = 10. The equilibration and production procedures were similar to those described in Sec. II A. During equilibration and cooling-down of the samples, the Berendsen thermostat and barostat were used (NPT ensemble), although the production runs after cooling took place in an NVT ensemble again, using the Nose-Hoover thermostat. The time constants were chosen to be τ t = 0.5τ for both thermostats and τ p = 2.5τ for the barostat. Application of a constant external pressure leads to decrease of film thickness with decreasing temperature. Therefore, the pressure was adjusted to be p = 15, so that the film thickness is D ≈ 30 at temperature T ≈ 1. Figure 5 (a) shows the density profiles of these simulated films for temperature T = 1. An ordering is observed close to the substrates, which is followed by a plateau in the middle of each film; similar behavior was found in the films which were prepared under the same constant density (Figure 4(b) ). Increasing the substrate attraction leads to an increase of density close to the substrates and, due to the application of a constant normal external pressure, to an overall increase of the average film density. This can be seen by checking the density profiles of Figure 5 (a) in the middle region, where for sp = 10 density differences in the middle of the films were not observed ( Figure 5(a) , inset), in contrast to the NVT-ensemble simulation results (Figure 4(b) , inset).
The P 2 ACFs have been calculated for different layers of the films and for temperature T = 1, and the characteristic relaxation times have been extracted following the same procedure as described in Sec. III A 2. The results are summarized in Figure 5(b) . Despite the absence of density differences in the middle of the two films, a noticeable shift of the relaxation times to lower values is still observed in this region when increasing the strength of adsorption to the substrates. This is in agreement with the results of Figure 4(a) , thus showing the minor importance of the small density differences (Figure 4(b) ) to the segmental dynamics. But the origin of the acceleration observed in the middle layers of thick films when increasing the adsorption strength still remains to be explained.
Note that for both simulated adsorption strengths, the middle-layer relaxation times are well below the corresponding bulk values at the same density ρ = 1.16 as in the middle of the films. This deviation may arise from the fact that the temperature T = 1 is close enough to the bulk glass-transition temperature, so the bulk relaxation time is strongly influenced. The other reason could be that even the D = 30 film is not thick enough, and for this high-density model confinement effects are important for all the simulated film thicknesses.
Possibly at higher temperatures the difference between the middle-layer dynamics and the bulk at the same density will be smaller.
C. Effect of film thickness on segmental dynamics
As mentioned in the Introduction, previous studies on films confined under repulsive 14 or energetically neutral 18 substrates have shown an acceleration of the dynamics when increasing confinement, due to finite-size scaling effects. 14, 20 An example can be seen in Figure 6(a) , which depicts the characteristic orientational relaxation times in different film layers for different film thicknesses and for sp = 1. We can now compare this with the local mobility for strongly adsorbing substrates. Figure 6(b) shows the layer-resolved orientational relaxation times for different film thicknesses for the case sp = 10. The comparison of Figures 6(a) and 6(b) reveals different behavior at each film thickness when strongly increasing the substrate attraction. As shown in Sec. III A 2, for thick films (D = 30), an about one order of magnitude acceleration of the dynamics in the middle-layers was observed upon stronger adsorption to the substrates and, as was shown in Sec. III B, this effect is not connected to density differences. Similar behavior can be seen for intermediate thicknesses (i.e., D = 20) but the effect is less pronounced. For thin films (D ≤ 10), tremendous slowing down of the mobility close to the substrates was found with increasing sp , while the acceleration in the middle layers is negligible. Therefore, the clear shift to higher overall mobility with decreasing film thickness, as shown for films confined under energetically neutral (ε sp = 1) substrates, is not found for stronger adsorption strengths. Moreover, the effect of increased substrate attraction strength sp on the layer resolved dynamics is found to be thickness-dependent.
The existence of layers with extremely slow dynamics close to strongly adsorbing substrates (especially in the cases FIG. 6. (a) Layer-resolved orientational relaxation times for different film thicknesses at temperature T = 1.1 and for energetically neutral ( sp = 1) substratepolymer interaction strength. The blue triangles, red dots, black squares, and green inverse triangles correspond to film thicknesses D = 30, 20, 10, and 5, respectively. Vertical dashed line shows the bulk value at the same density and temperature with the films. (b) Similar to (a) but for strongly attractive substrates ( sp = 10). Note that while the vertical scale have been normalized with D, each dot represents an average over a layer thickness of 1.25σ , independent of film thickness D. (c) and (d) are similar to (a) and (b), respectively, but the data are plotted in the range of 0 < z < D/2 for each film thickness and without normalizing the vertical scales. of intermediate and high film thicknesses) indicate that part of the films is in the highly mobile melt state and part is in a glassy state. Therefore, we may assume the picture of a high-mobility middle part of the film confined between two glassy substrates, with a glass-melt interaction strength that is energetically neutral ( gm = pp = 1). This may explain the observed accelerated dynamics in the middle layers of thick films with strong substrate adsorption. These melt like middle layers will have a smaller thickness for larger adsorption strength due to thicker glassy layers. Assuming the same finite-size scaling argument as before, we can understand the accelerated dynamics of the middle layers from the effective decrease of their thickness when the strength of adsorption sp increases. For very thin films (D ≤ 10), i.e., of the order of the polymer gyration radius, the consideration of separate contrasting layers become less meaningful. Stronger confinement then results in faster dynamics, and the slowing-down of the dynamics close to the substrates is far less pronounced. Indeed, the measured τ α in the layers closest to the substrates (0 < z < 1.25, with z denoting the distance from the nearest substrate) is 1-3 orders of magnitude smaller than the one measured for thicker films. Therefore we can assume little influence of an increased sp on formation of glassy layers in this case, and so explain the negligible effect on the dynamics in the middle of very thin films.
D. Film-averaged α-relaxation vs film thickness
The above discussed competing effects of the confinement and substrate attraction on the segmental dynamics of capped polymer films resulted in a layer-resolved dynamical behavior that strongly depends on film-thickness and substrate-polymer interaction strength. The impact of these combined effects on the film-averaged dynamics still has to be evaluated. Figure 7(a) shows the film-averaged mean-square translational displacements (Eq. (3)) for sp = 10 and film thicknesses D = 5-30 as well as for the bulk. Similar curves were produced for all simulated film thicknesses and for sp = 1. As explained in Sec. III A 1, for each individual particle "cageescape" is followed by the subdiffusive Rouse regime with a constant slope around 0.5. This behavior can be clearly seen in Figure 7 (a) also for a bulk polymer, as well as for thick films (D = 30 and D = 20), but it is not seen for the average over thinner films, where the slope is changing with time. This change is due to the strong inhomogeneities in the mobility, as shown in Figure 6 . Indeed, since the mean-square displacement constitutes an average over very high-and low-mobility layers, the average diffusion is strongly affected. A constant subdiffusive Rouse slope should be found, only when all particles in the film have relaxed. Therefore, the extraction of a characteristic film-averaged relaxation time should depend on the chosen time interval.
To illustrate this, α-relaxation times were extracted by fitting parts of all curves for all film thicknesses, over the same time interval, with the power law 29, 30 
We chose the interval between the bulk "cage-escape time" 31 until the time where the average mean-square displacement for the bulk is σ 2 . Figure 7(b) shows the evolution of these relaxation times τ α with film thickness and for substratepolymer interaction strengths sp = 1 (black-squares) and sp = 10 (red-dots). For films confined between energetically neutral substrates, a monotonic behavior is observed, where decreasing film thickness leads to acceleration of the film-averaged segmental dynamics. For strongly attractive substrates, the dynamical behavior when decreasing film thickness is non-monotonic. The film-averaged translational relaxation time is then decreasing when the thickness decreases from D = 30 to D = 15; negligible differences occur for thicknesses D = 15 and D = 10, and a sharp increase is found for ultra-thin films (D = 5). An explanation of this non-monotonic behavior can be given, based on the results of Figure 6 . For all film thicknesses, increasing the strength of adsorption from sp = 1 to sp = 10 leads to slowing down of the dynamics close to the substrates; but above a certain thickness glassy layers are created and acceleration of the dynamics takes place in the middle of the films. For thicknesses above D = 15, the averaging of these two competing effects leads to an overall acceleration of the film-averaged dynamics, since the broad middle part dominates. For thicknesses D = 10 and below, the acceleration in the middle of the films is minor ( Figure 6 ) and therefore, the film-averaged characteristic relaxation time is increasing with increasing sp . The same effect takes place for ultra-thin films (D = 5), where for high sp the low-mobility layers constitute the dominant volume fraction and cause a very strong increase of filmaveraged characteristic relaxation time.
IV. SUMMARY AND CONCLUSIONS
We have performed molecular-dynamics simulations of bead-rod random copolymer chains capped between two attractive crystalline substrates. Different substrate-substrate separations (i.e., film thicknesses) as well as various strengths of substrate-polymer interaction were used. The systems were simulated in a NVT ensemble, therefore, in all cases, the filmaveraged density was constant and equal to ρ = 1.2. Increasing the strength of adsorption to the substrates in thickest films (D = 30) leads to a non-monotonic behavior of the filmaveraged segmental translational mobility (Figure 2) . Slowing down was observed when increasing the adsorption strength from sp = 0.1 to sp = 2, but, surprisingly, an acceleration followed for higher values of sp . For all simulated values of sp , strong acceleration was found as compared to the bulk, due to finite-size scaling effects. 14, 18, 20 The segmental orientational mobility was analyzed for film thickness D = 30 in different film layers with the help of the P 2 (t) ACFs (Eq. (4)) and the characteristic relaxation times were extracted. The dynamics in different film layers were found to be strongly inhomogeneous. For thick films the relaxation times were rather low in the middle of the film, whereas higher values were observed when approaching the substrate-polymer interface. In the latter case, the dynamics monotonically slowed down with increasing strength of adsorption sp . In the middle layers, which constitute the larger fraction of the film, the characteristic relaxation times τ α , as presented in Figure 3 , were fairly constant for sp ≤ 2 but a shift to lower values was found for sp ≥ 3, thus explaining the overall acceleration observed in Figure 2 .
Increasing strength of adsorption resulted in a small decrease of density in the middle of the films, due to the fact that the films were simulated under NVT conditions. In order to ensure that this density difference is not mainly responsible for the faster dynamics observed at high values of sp in the middle film-layers (Figure 4(a) ), we repeated the layer-resolved analysis of the segmental orientational mobility for films created under NPT conditions. The external pressure was adjusted in order to have film thicknesses D ≈ 30 for temperatures T ≈ 1. The layer-resolved relaxation times ( Figure 5(b) ) showed similar non-monotonic behavior as found in NVT, which therefore could not be attributed only to density effects.
The effect of confinement was studied for different film thicknesses and strengths of adsorption to the substrates. Analysis of the layer-resolved segmental dynamics for the case of energetically neutral ( sp = 1) substrates showed a strong shift to higher overall mobility with decreasing thickness (due to finite-size scaling effects 14, 18, 20 ), but the same behavior was not found for stronger adsorption strengths. This was due to the thickness-dependent behavior of the middlelayer dynamics upon increasing sp , where for intermediate and high thicknesses the middle-layer mobility accelerates, but for low thicknesses it was hardly affected. The acceleration of the mobility could be attributed to the creation of glassy boundary layers with increasing sp , which resulted in an effective decrease of the thickness of the mobile middle layer and therefore, in an additional finite-size effect.
Film-averaged α-relaxation times were extracted for all film thicknesses and for substrate attraction strengths sp = 1 and sp = 10, and compared with bulk values (Figure 7) . It was shown that such average relaxation times are strongly influenced by layer-to-layer inhomogeneity in the mobility, in particular for strongly adsorbing substrates. As a result such relaxation times will depend on the chosen time interval.
A main conclusion of this work is that film-averaged segmental relaxation in capped films cannot be understood without resolving the inhomogeneous influence of substrate attraction and film thickness in space and time.
